Unmanned aerial vehicle (UAV)-based remote sensing has limitations in acquiring images before a forest fire, although burn severity can be analyzed by comparing images before and after a fire. Determining the burned surface area is a challenging class in the analysis of burn area severity because it looks unburned in images from aircraft or satellites. This study analyzes the availability of multispectral UAV images that can be used to classify burn severity, including the burned surface class. RedEdge multispectral UAV image was acquired after a forest fire, which was then processed into a mosaic reflectance image. Hundreds of samples were collected for each burn severity class, and they were used as training and validation samples for classification. Maximum likelihood (MLH), spectral angle mapper (SAM), and thresholding of a normalized difference vegetation index (NDVI) were used as classifiers. In the results, all classifiers showed high overall accuracy. The classifiers also showed high accuracy for classification of the burned surface, even though there was some confusion among spectrally similar classes, unburned pine, and unburned deciduous. Therefore, multispectral UAV images can be used to analyze burn severity after a forest fire. Additionally, NDVI thresholding can also be an easy and accurate method, although thresholds should be generalized in the future.
Introduction
A fire is a primary disaster in forests, disturbing biodiversity and forest wealth. Forest fires sometimes destroy human settlements and cause loss of life and property. The forest fires in South Korea occur mainly in the dry season (from winter to spring), and are mostly caused by humans. As a forest fire burns off vegetation, soil, organic matter, and moisture, there is a danger of landslides or other secondary disasters during the summer rainy season. In the Republic of Korea, there were 6,588 forest fires from 2004 to 2018. The total area affected was 11,065 hectares, and the damage amounted to US$ 252 million [1] .
A strategy is needed to recover from the damage and to respond to secondary disasters by rapidly investigating the burn severity. Burn severity is mainly investigated by field survey or visual interpretation of satellite imagery. Field surveys need a lot of labor, incur high costs, and take time. Satellite imagery has limited uses based on weather conditions and image resolution. Therefore, a rapid and efficient method is needed to investigate burn severity. The unmanned aerial vehicle (UAV) is widely used in various fields. UAVs and sensors provide high-resolution data when users want them, and they are less affected by atmospheric conditions [2] [3] [4] [5] . In most cases, UAVs can acquire images right after a forest fire even though the location and time of a forest fire cannot be anticipated [6, 7] .
Previous studies used spaceborne or airborne multispectral imagery to analyze burn severity. The traditional methods are comparisons of spectral indices pre-and post-fire [8, 9] . The normalized difference vegetation index (NDVI) and the normalized burn ratio (NBR) are well-known as spectral indices sensitive to forest fire damage [10] [11] [12] [13] . Recent studies widely used NBR and the burned area index (BAI) because shortwave infrared (SWIR) bands are more sensitive to forest fire damage [14] [15] [16] . UAV or high-resolution satellite images have to use visible-near infrared (VNIR) bands because they do not have SWIR bands.
Burn severity incorporates both short-and long-term post-fire effects on the local and regional environment. Burn severity is defined as the degree to which an ecosystem has changed as a result of the fire. Vegetation rehabilitation may specifically vary based on burn severity after a fire [17] [18] [19] [20] [21] [22] . Previous studies classified burn severity into four or five classes, such as extreme, high, moderate, low, and unburned, using remote sensing data based on the composite burn index (CBI) suggested by the United States Forest Service [23] [24] [25] . Those classes might not be clear enough to define burn severity with remote sensing data. One study suggested a Korean CBI (KCBI) by adjusting the CBI classes to burned crown, boiled crown, moderate (a mix of burned crown and burned surface), low (burned surface only), and unburned [26] . But low and unburned are challenging classes. They look similar from nadir views of the crown because the class low means a burned surface under an unburned crown. Also, the Korean forest has a very high canopy density. These characteristics add limitations to classifying severity as low or unburned. Therefore, a method is needed to classify low and unburned severity using remotely sensed imagery that might contribute to estimating damaged areas and establishing a recovery plan.
This study tries to analyze multispectral UAV images that can be used to classify burn severity, including surfaces in the study area that are classed as low under the KCBI. Sample pixels were collected from UAV multispectral images based on visual interpretation and field surveys. Spectral characteristics of the samples were analyzed, after which burn severity was classified using a spectral index and supervised classifiers. The suitability of multispectral UAV imaging for burn severity analysis is shown by the classification accuracy.
Study Area and Data

Study Area
The study area is in a forest near the city of Gangneung, Republic of Korea, which is located on the coast of the East Sea, as seen in Figure 1a . The area is very dry from winter to spring owing to a föhn wind and low precipitation. The Korean red pine (Pinus densiflora) is the primary species in the area, which has a volatile pine resin. These environmental and climatic factors are the cause of frequent and huge forest fires. The study area was some of the damaged area from a forest fire that occurred from 4 to 5 April 2019. Seven hundred hectares burned, and US$ 61 million was lost from this forest fire. Figure 1b shows a KOMPSAT-3A high-resolution satellite image taken on 5 April 2019 when the forest fire was in progress, which has a spatial resolution of 2.2 m and four bands (blue, green, red, and near-infrared). The red box is the study area, which is 2 km × 0.5 km in size, located at the border of the whole damaged area, where there were various KCBI types of burn severity. Figure 2 shows some of the damaged locations in the study area. The burned crown looks black along one ridge, and the boiled crown shows brown-colored needles in Figure 2a . In the burned surface area, green needles are distributed in the crown, although the ground surface and the bark of the lower trunks that burned are black ( Figure 2b) . A burned surface stresses the trees owing to a lack of organic matter and moisture in the soil. 
Data
Multispectral UAV Image
Multispectral images were acquired using a RedEdge camera (Micasense, Seattle, WA, USA) on 9 May 2019, which was more than one month after the forest fire. The camera was installed on a self-developed hexa-copter UAV that was 100 cm in diameter and 10 kg in weight. The acquired images were 214 scenes with 70% overlap and 50% sidelap. An image consisted of five bands (blue, green, red, red edge, and near infrared) that are appropriate to observe vegetation. The spatial resolution was 31 cm with a flight altitude of 500 m. The images were preprocessed to a mosaicked reflectance image using Pix4D software (Pix4 S.A., Prilly, Switzerland). Figure 3 shows an image with (a) natural color composite and (b) pseudo-infrared composite. The image shows some distinguishable colors in Figure 3a , which are dark brown, light brown, dark green, and light green for the burned crown, boiled crown, unburned pine trees, and deciduous trees, respectively. However, the burned surface and unburned (pine) trees cannot be classified from visual interpretation. Figure 3b shows more clearly distinguished colors using the NIR band. Figure 4 shows an NDVI transformed image. 
Reference Map
A reference map was produced with screen digitizing based on a field survey, and it was used to extract samples to validate the classification results of burn severity. In screen digitizing, some classes were distinguished well by eye, such as burned crown, boiled crown, and unburned deciduous trees. The boundary between a burned surface and unburned pine was drawn on the image through a field survey. Figure 5 shows the reference map with color-coded classes. Red, orange, yellow, dark green, and light green mean burned crown, boiled crown, burned surface, unburned pine, and unburned deciduous, respectively. The classes are further defined in the following section. 
Methods
Sample Collection and Spectral Analysis
Class Definition of Burn Severity
Previous studies defined classes of burn severity as extreme, high, moderate, low, and unburned. These classes might be subjective (or qualitative), and might not be considered spectral characteristics. In this study, burn severity classes are defined with consideration for both KCBI and spectral characteristics. The defined classes are burned crown, boiled crown, burned surface, unburned pine, and unburned deciduous in this study. Some classes can be compatible between KCBI and previously defined classes, such as burned crown (extreme), boiled crown (high), and burned surface (low). However, others are not compatible with each other. Moderate means a spatial mixture of burned crown and burned surface. Unburned should be classified as pine (coniferous) or deciduous, from the perspective of spectral characteristics.
Sample Collection
Samples were collected from a multispectral UAV image. The samples consisted of five defined classes as outlined in Section 3.1.1. Twenty plots were selected for each class based on a field survey and visual interpretation. The plots were evenly distributed in the image, and one plot is a nine-pixel square. Therefore, 450 sample pixels were collected for each class; 180 pixels (40%) were assigned as a training set, and the other 270 pixels (60%) were used as a validation set for the classifications. Figure 6 shows examples of the collected sample pixels. 
Spectral Characteristics Analysis
It is necessary to know the possible burn severity classifications as prior information. The possibilities were analyzed with statistics on reflectance and from spectral indices of the training samples. The mean and standard deviation of reflectance were calculated for each class. NDVI, red edge NDVI (RE-NDVI), and the visible-band difference vegetation index (VDVI) were calculated using the mean reflectance of each class. Equations (1) to (3) show the definitions of each vegetation index, where ρ is the mean reflectance of each band: Table 1 shows the mean values of the burn severity classes for three spectral indices where mean values were estimated from collected training samples. NDVI shows bigger gaps among the classes than other indices. NDVI might be useful in the classification of burn severity because we can easily define thresholds among classes. 
Classification of Burn Severity
Supervised Classification
Maximum likelihood (MLH) and spectral angle mapper (SAM) were used as supervised classification methods. The MLH classifier assigns a pixel to a class with the highest probability under the assumption that reflectance values of each class have a normal (Gaussian) distribution in each band. The probability for a pixel is calculated by the multivariate normal density function from the mean, variance, and covariance of training samples [27] . The SAM classifier calculates similarity using the spectral angle between a pixel and the mean of each class. Spectral reflectance is assumed to be a vector in n-dimensional space, where n is the number of bands. A pixel is assigned to a class with the smallest spectral angle [28] . Equations (4) and (5) show the definitions of MLH and SAM, respectively:
where, n, X, V i , and M i denote the number of multispectral bands, the unknown measurement vector, the covariance matrix of each training class, and the mean vector of each training class, respectively, and
where, n, t i , and r i denote the number of multispectral bands, the unknown measurement vector, and the reference spectrum vector, respectively; and α denotes an angle between r and t vectors.
Spectral Index Classification
Thresholding of a spectral index is used a classification method for burn severity. In this study, NDVI was used only as a spectral index for classification because NDVI shows higher differences among classes, compared with other indices. Figure 7 shows the range of NDVI values for each class, with the mean ± standard deviation. Burned crown and boiled crown are perfectly separated with burned surface, unburned pine, and unburned deciduous. However, some class pairs overlap each other, such as burned crown (boiled crown) and burned surface (unburned pine). Thresholds were defined as the median of the overlapping range between neighboring classes ( Table 2 ). 
Results
Spectral Charateristics
Spectral reflectance curves were plotted for training samples; those are the mean reflectance of each band (Figure 8 ). Burned crown shows lower reflectance than other classes because of soot and ash. In boiled crown, yellow needles show high reflectance in green (560 nm) and red (668 nm) bands, and needles are distributed in the crown, which creates higher reflectance in the near-infrared band (840 nm) than burned crown, where we can see that the spectral reflectance of boiled crown is higher in the blue (475 nm) and red bands than with unburned pine, unburned deciduous, and burned surface classes. This can be attributed to the loss of chlorophyll, a pigment that absorbs blue and red as the leaves turn yellow owing to damage from the heat. Unburned deciduous shows low reflectance in the blue and red bands, and high reflectance in the green, red edge, and NIR bands; these are typical spectral characteristics of broadleaf vegetation. This study focuses on unburned pine and burned surface classifications. Burned surface and unburned pine show similar spectral reflectance curves and an overlapped range for the mean ± standard deviation (Figure 9 ), because they both have green needles at the top of the crown. However, a burned surface shows slightly higher reflectance at the red edge, and lower reflectance at the NIR bands. This is called the red-edge shift phenomenon, where the center wavelength of the red edge between the red and NIR bands slightly shifts to a shorter wavelength [29] . The reason for the red-edge shift is known to be decreased vitality owing to stress. Therefore, a burned surface and unburned pine might be classified using slightly different spectral characteristics. 
Interpretation of Classification Results
Burn severity was classified using two supervised classification methods plus the NDVI thresholding method. Figure 10a -c show classification results from using MLH, SAM, and NDVI thresholding, respectively. SAM shows good classification results for overall classes, except for burned surface, which was mostly misclassified as unburned pine. MLH showed better results with a burned surface, although it was overestimated by misclassification between unburned pine and burned surface. Additionally, it showed confusion between unburned pine and unburned deciduous. NDVI thresholding showed moderate results among the three classification methods. The burned surface class was underestimated, and burned crown was confused with boiled crown. Confusion matrices (Tables 3-5) show the classification accuracy for each classifier. High accuracy was shown in the following order: MLH, SAM, and NDVI thresholding. Overall accuracies are 89%, 81%, and 71% for MLH, SAM, and NDVI thresholding, respectively. Kappa coefficients were also similar to overall accuracy at 0.86, 0.76, and 0.64, respectively. As seen in Table 3 , MLH showed very high accuracy of more than 85% for four classes, except unburned pine. We can see that 33% of the unburned pine was misclassified as burned surface, demonstrating that burned surface was overestimated, as seen in the visual analysis of classification results in Figure 10a . In Table 4 , we see that SAM had more than 85% classification accuracy in three classes except for unburned pine and unburned deciduous. Those were misclassified as burned surface, or confused with each other, because the SAM algorithm uses a pattern of spectral reflectance rather than an absolute value of reflectance. In Table 5 , NDVI thresholding showed lower overall accuracy than the supervised classifiers, MLH and SAM. Low overall accuracy was caused by confusion between burned crown and boiled crown from similar NDVI values for burned out or discolored needles. However, the classification accuracy of burned surface, unburned pine, and unburned deciduous showed similar or higher levels than the two supervised classifiers. Table 3 . Confusion matrix for classification accuracy assessment using MLH (%).
Reference Classifications
Burned Crown
Boiled Crown
Burned Surface
Unburned Pine
Unburned Deciduous Total
Burned crown  96  13  0  0  0  22  Boiled crown  4  87  3  0  0  19  Burned surface  0  0  92  33  0  25  Unburned pine  0  0  5  67  0  14  Unburned deciduous  0  0  0  0  100  20  Total  100  100  100  100  100  100 Overall accuracy = 89%, Kappa coefficient = 0.86 Overall accuracy = 81%, Kappa coefficient = 0.76 Overall accuracy = 71%, Kappa coefficient = 0.64
Discussion
In this study, two supervised classifiers and NDVI thresholding were compared for the classification of forest burn severity, including burned surface. As a result, the classification of burned surface showed accuracy of more than 85%. This means that the UAV multispectral image can be used to accurately classify a burned surface, even though the two classes are very similar when viewed from the air.
Comparing the classification methods, the supervised classifiers (MLH and SAM) showed more than 80% overall accuracy, while the NDVI thresholding accuracy was 71%. However, 20% to 30% of unburned pine and deciduous trees were misclassified as a burned surface, and the amount of burned surface was overestimated. This means that a high degree of expertise and a lot of time are required to collect dozens to hundreds of training samples for a supervised classifier such as MLH, while the classification accuracy between burned surface and unburned pine is not high. SAM can classify with one training sample, such as a collected pixel or a spectrum from a spectral library. It showed a high number of misclassifications between classes with similar spectral patterns, although hundreds of training samples were used. NDVI thresholding showed similar or higher accuracy with the burned surface class, compared with the supervised classifiers, even though it showed confusion between burned crown and boiled crown. Previous studies reported that burned crown and boiled crown can be classified easily with various methods, including visual interpretation. Detection or classification of a burned surface should be the focus for accurate assessment of damaged areas and burn severity. Therefore, the NDVI thresholding method is expected to be able to estimate forest fire damage more easily and accurately. Further studies are needed to generalize the threshold for application in the field. In other words, independent thresholds should be defined for different regions and times when classifying burn severity of a forest.
UAV multispectral images have very high spatial resolution and multispectral bands that can be used as training samples for classification using high-resolution satellite images and deep learning algorithms in the future. Deep learning can enhance accuracy and convenience, although it needs a long-term approach to collecting a large number of training samples. High-resolution earth observation satellites can also be a useful tool for analyzing burn severity and damaged areas. The Korean government is developing a new earth observation satellite program, the Compact Advanced Satellite 500 (CAS 500), to shorten the observation interval. The first and second twin satellites will be launched in 2020, and have a 0.5 m panchromatic band and 2 m multispectral bands. We are expecting acquisition of high-resolution multispectral images within two to three days. In the future, it will be necessary to suggest the possibility of classifying burn severity using high-resolution satellite images, in comparison with UAV images.
Conclusions
This study tried to analyze the use of multispectral UAV images to classify burn severity, including burned surfaces. A RedEdge multispectral image was acquired for a region of the Gangneung forest fire in April 2019. Spectral characteristics showed differences among burn severity classes, although some of them were similar. Burn severity was classified using two supervised classifiers, MLH and SAM, as well as the NDVI thresholding method. Classification accuracies were about 80% to 90% using the supervised classifiers and about 70% using NDVI thresholding. They showed an accuracy of more than 85% for the burned surface class, where a multispectral UAV image can differentiate a burned surface from unburned pine or deciduous trees. The NDVI thresholding method also showed high classification accuracy for burned surface, unburned pine, and deciduous. It can be useful as an easier and more accurate tool for the estimation of burn severity and damaged areas than a supervised classifier. Supervised classification approaches might be applied to other regions through collection of corresponding training samples. However, NDVI of burn severity classes might have different values by regional characteristics. Further studies are needed to generalize NDVI or the thresholds for application in other regions. In the future, multispectral UAV images can also be used for training deep learning techniques and high-resolution satellite images. 
